Time and polarization-resolved stimulated emission depletion (STED) measurements are used to investigate excited state evolution following the two-photon excitation of enhanced green fluorescent protein (EGFP). We employ a new approach for the accurate STED measurement of the hitherto unmeasured degree of hexadecapolar transition dipole moment alignment α 40 present at a given excitation-depletion (pump-dump) pulse separation. Time-resolved polarized fluorescence measurements as a function of pump-dump delay reveal the time evolution of α 40 to be considerably more rapid than predicted for isotropic rotational diffusion in EGFP. Additional depolarization by homoFörster resonance energy transfer is investigated for both α 20 (quadrupolar) and α 40 transition dipole alignments. These results point to the utility of higher order dipole correlation measurements in the investigation of resonance energy transfer processes.
I. INTRODUCTION
Stimulated emission depletion (STED) of electronically excited states has proven to be a valuable tool in high resolution molecular spectroscopy, 1 in time-resolved spectroscopy, [2] [3] [4] and in the study of ultrafast vibrational relaxation dynamics within ground and excited electronic states. [5] [6] [7] In recent years, STED has found application in fluorescence microscopy, first as a pump-probe technique for time and polarization-resolved imaging 8 and more extensively as a technique through which sub-wavelength image resolution can be achieved. [9] [10] [11] [12] [13] [14] [15] In parallel to these developments, we have shown that polarized time-resolved STED can be used to circumvent single-photon electric dipole selection rules 16 and allow the investigation of molecular orientation dynamics that are inaccessible to single photon spectroscopies. [17] [18] [19] [20] [21] In this work, we exploit this latter property of STED to observe hitherto "hidden" depolarization dynamics of the excited state hexadecapolar transition dipole alignment created by twophoton absorption (TPA) in enhanced green fluorescent protein (EGFP).
The degree of excited state order created by TPA is strongly dependent on both the photon polarization, the structure of the transition tensor and the molecular frame orientation of the transition dipole moment. [22] [23] [24] We have recently reported experimental measurements of polarized single-and a) Current address: Randall Division of Cell and Molecular Biophysics, New Hunt's House, King's College London, Guy's Campus, London SE1 1UL, United Kingdom. b) Author to whom correspondence should be addressed: a.bain@ucl.ac.uk two-photon photoselection in EGFP which yield two possible transition tensor structures corresponding to the orientation of the principal axis along either the S 0 → S 1 or S 1 → S 0 transition moment directions. 25 These structures predict noticeably different values for the initial K = 4 alignment which we determine in the present study.
Recent observations by us of state restriction in fluorescent protein Förster resonance energy transfer (FRET) 26 provide additional motivation for a detailed investigation into the interaction of fluorescent protein emission transition dipole moments with external optical fields. Most fluorescent proteins are characterised by bi-exponential fluorescence decays indicating the presence of two distinct excited state populations. [26] [27] [28] [29] [30] A characterization of FRET between EGFP and mCherry arising from the homodimerization of 3-phosphoinositide-dependent protein kinase 1 (PDK1) has shown that only one of the four possible energy transfer pathways is active. 26 Two possible mechanisms for FRET restriction were proposed; first that the intrinsic energy transfer rates for the donor and acceptor sub-populations (proportional to their radiative decay rates given equal donor-acceptor distances and relative orientations) were widely dissimilar or second that the restriction arose from highly unfavourable κ 2 orientation factors 31 caused by local environmental heterogeneities. Recent work in our laboratory has shown that both acceptor emitting states are accessed when EGFP is replaced with a more mobile and monoexponentially decaying donor. 32 This indicates that in terms of the acceptor, intrinsic transition dipole strength is not an issue. FRET, spontaneous, and stimulated emission all share the same fundamental electric dipole selection rules. However, STED provides a means of mimicking orientationally unrestricted (molecular frame) donor FRET photo-deselection (depletion) as the orientational dependence is governed solely by the photoexcitation process and the depletion polarization. Given the approximately equal weighting of the two decay components in EGFP, a large disparity in their transition dipole moments would be indicated by the persistence of a substantial "undumped" population, which, as will be seen, is not observed.
In this work, we employ a new streak camera-based approach for time and polarization-resolved STED measurements, allowing us to accurately determine the EGFP STED cross sections and ground state vibrational relaxation times for depletion wavelengths from 561 nm to 626 nm. An analysis of the orthogonally polarized components of the EGFP fluorescence allows us to extract the degree of K = 4 alignment that is present immediately prior to the application of the depletion pulse. By varying the pump-dump delay, we can determine the relaxation dynamics of this otherwise hidden degree of molecular alignment. The initial hexadecapolar alignment was found to be in line with the predictions of recent polarized twophoton absorption and fluorescence anisotropy measurements on EGFP. 25 However, we find the rate of hexadecapolar alignment relaxation to be significantly more rapid than would be expected for isotropic rotational diffusion. This is attributed to an increased rate of homo-FRET depolarization, pointing to the utility of such measurements as a more sensitive probe of energy transfer dynamics.
II. STED AS A PROBE OF HEXADECAPOLAR ALIGNMENT

A. Excited state orientational distribution function
Short pulsed polarized photoselection gives rise to an initial anisotropic distribution of molecular frame orientations in the laboratory frame of reference. In linearly polarized single and n-photon absorption, the excitation process has cylindrical symmetry about the polarization vector of the light [33] [34] [35] which defines the laboratory frame Z-axis. Emission from the excited population is characterised by a rearrangement of electronic charge in the molecular frame giving rise to a transition dipole moment. The probability of finding an emission transition dipole moment oriented between the polar angles θ and θ + δθ, and φ and φ + δφ can be expressed in terms of a spherical harmonic expansion [36] [37] [38] 
The expansion coefficients C KQ (0) define the moments of the distribution. As the excitation process has cylindrical symmetry about Z with an isotropic ground state population, this symmetry is transferred to the excited state distribution function and only even rank moments with Q = 0 terms are allowed. As a result, the expansion can be fully described in terms of Legendre polynomials of rank K,
where α K0 (0) are the normalized moments of the distribution
The excited state (transition dipole) population distribution is given by
where N EX (t) is the total excited state population present at time t. For single-photon excitation from an isotropic ground state distribution, the expansion terminates at K = 2. With two-photon excitation, the expansion contains both quadrupolar (K = 2, α 20 ) and hexadecapolar (K = 4, α 40 ) degrees of transition dipole alignment. The fluorescence anisotropy from the excited population is directly proportional to α 20 , 36
Electric dipole selection rules do not allow the contribution of moments greater than K = 2 in spontaneous emission, 36, 37, 39 and unlike α 20 the direct observation of α 40 is not possible. It has been known for some time that polarized single-photon absorption leads to coupling between the C 00 , C 2Q , and C 4Q moments of the ground state orientational distribution and the C 00 and C 2Q moments of the excited state distribution function. 36, 37, 39 Fluorescence anisotropy can therefore allow the measurement of steady state molecular order in both quantum rotors 40, 41 and condensed phase molecular probes. 36, 37, 42 Linearly polarized two-photon dichroism directly relates ground state quadrupolar and hexadecapolar alignment to the excited state population. 34, 43 However, the measurement of the dynamical evolution of higher order ground state alignment in the condensed phase is difficult; it is necessary to first create (with a definite time stamp) a distribution function with C K>2 , Q moments that are displaced from their equilibrium values which can be combined with an appropriate measurement technique. Hole-burning techniques such as FRAP (fluorescence recovery after photobleaching) 44, 45 and ground state fluorescence depletion measurement 46 afford this possibility. The potential contribution of hexadecapolar alignment relaxation to these experiments has been recognized by some researchers 47 but with a view its removal from the recorded signals to provide more straightforward data analysis. An exception to this is a study by Dale and co-workers who used ground state orientational hole-burning through the population of long lived triplet states to probe α 20 and α 40 dynamics in muscle fibers. 46 Their technique, whilst well suited to its particular application, has an inherent limitation to microsecond time scales.
B. Higher order (hexadecapolar) molecular alignment
The paucity of direct measurement techniques by which higher order molecular alignment (both static and dynamic) can be probed has meant that, to date, studies of molecular order in gaseous and condensed phases have almost exclusively been confined to second order (K = 2) alignment observables. However, knowledge of higher degrees of molecular alignment provides new information that cannot otherwise be obtained. In molecular beam scattering of diatomic molecules from crystal surfaces, the measurement of the hexadecapolar alignment of the rotationally excited products provides additional and complimentary information to quadrupolar alignment, [48] [49] [50] and in two-and multiphoton molecular photodissociation the utility of measuring the higher order moments of the photofragment angular momentum M J distributions has been recognized. 51, 52 In condensed phases, molecular ordering with moments of rank K > 2 is found in a wide range of environments, including liquid crystals, lipid bilayers, cell membranes, and at interfaces. 42, [53] [54] [55] [56] [57] For isotropic solutions, in the case of small step rotational diffusion, the moments of P EX (x,t) evolve according to the diffusion equation. 36, 58, 59 For a single axis symmetric rotational diffuser with diffusion coefficient D, this gives
The evolution of an even ordered array of transition dipoles would therefore be
where
= 0.3τ 20 . . .
Knowledge of one correlation function should therefore yield the others. This relationship had not been tested experimentally until the development and subsequent application of six wave mixing techniques by Charra et al. [60] [61] [62] and Meech and coworkers. 63 Here, non-centrosymmetric molecular order characterized by K = 1 (dipolar alignment or orientation) and K = 3 (octupolar alignment) is created and probed in a 4th order nonlinear optical mixing process with pump and probe fields at ω and 2ω. If molecular motion is no longer diffusive (e.g., co-operative), Eq. (7) no longer applies and the time evolution of moments in addition to α 20 will provide new information and test dynamical theories. 64, 65 Dipolar (K = 1) correlation functions in neat liquids can be inferred from infrared lineshape measurements 66, 67 and in recent years have been directly probed by femtosecond domain techniques such as TFISH (terahertz field induced second harmonic generation). 68 The presence of hexadecapolar order in liquid crystal and membrane environments has been shown to influence the orientational dynamics of fluorescent probes measured through α 20 (t) . 22, 55, [69] [70] [71] [72] Resonance energy transfer is also a well-known fluorescence depolarization mechanism. [73] [74] [75] [76] In the case of transfer between identical molecules (homo-FRET), migration of the initial excitation to surrounding molecules leads to a partial (time-dependent) randomization of the emission dipole moment alignment in the laboratory frame. Homo-FRET fluorescence depolarization has been investigated in LangmuirBlodgett films 77, 78 and between rigidly held 79 and rotationally diffusing 80, 81 molecules. To date, we are unaware of any measurement or theoretical modeling of FRET depolarization (homo-or hetero-transfer) that extends beyond transition dipole moment correlation functions of rank K = 2. Given the greater sensitivity of α 40 to small step angular averaging as compared to α 20 [see Eq. (9)], it is reasonable to expect that the degree of hexadecapolar depolarization due to energy migration will be more pronounced, affording the possibility of detecting and potentially quantifying energy transfer dynamics at lower concentrations (greater intermolecular distances) than permitted by conventional fluorescence anisotropy measurements. In addition, we have recently demonstrated the greater dependence of the initial hexadecapolar alignment created by TPA to the transition tensor structure and the emission transition dipole moment direction in the molecular frame. 25 Determining the initial hexadecapolar alignment and its ensuing evolution therefore has the potential to provide important spectroscopic information and yield new insight into excited state dynamics.
C. Time-resolved pulsed STED observables
A schematic Jablonski diagram illustrating the principles of two-photon excited STED in EGFP is shown in Fig. 1(a) . Two-photon excitation via an 800 nm (200 fs) laser pulse (pump) is followed by rapid radiationless relaxation (t IC ) to lower vibrational levels of the S 1 singlet state in accordance with Kasha's rule. 82 Spontaneous emission to Franck-Condon allowed vibrational levels in S 0 gives rise to a broad emission spectrum peaking at around 508 nm with fluorescence detectable out to approximately 640 nm. 83 Application of a time delayed (∆t) dump pulse leads to the preferential photodeselection of molecules whose transition dipole moments are closely aligned to the dump polarization. As a result, there is an abrupt change in the fluorescence anisotropy in addition to the polarized and total fluorescence intensities. The efficiency of STED is, in addition to the STED cross section and orientational factors, dependent on the depopulation rate (1/t VIB ) of the terminating vibrational levels in S 0 compared to the duration of the dump pulse (t D ). If t D is shorter or comparable to t VIB , re-pumping of S 1 becomes more marked with increasing dump energy and the degrees of population depletion and fluorescence depolarization are seen to saturate. 16, 19 Typical results for EGFP illustrating this behavior are shown in Fig. 2 , together with the polarized fluorescence and anisotropy measurements used to determine the alignment dynamics. 
D. Orientational photo-deselection in STED
In spite of the widespread application of STED as an imaging technique, 84 there has been little experimental or theoretical work aimed at characterizing the fundamental physics of the depletion process. It is therefore instructive to investigate the two principal mechanisms operating in pulsed STED from large (slowly reorienting) molecules: orientational photo-deselection and excited state re-pumping. First, to focus upon orientational photo-deselection, we examine the limit of very fast ground state relaxation, where re-pumping of the excited state during the application of a picosecond range dump pulse can be neglected. In EGFP, molecular rotation and spontaneous emission occur on a significantly slower time scale [τ F (average) = 2.75 ns, τ 20 = 19.5 ns] and can be neglected during the depletion process. The evolution of the excited state population distribution is then given by
where σ STED is the stimulated emission cross section, I(t) is the depletion pulse intensity, hν D is the dump photon energy, and x = cos θ, with θ being the angle between the emission transition dipole moment and the polarization vector of the dump pulse. If we approximate the dump pulse to have a constant intensity for duration t D and is applied at a time ∆t following excitation, integration of Eq. (10) yields
where E D /Ahν D is the flux of dump photons (photons cm 2 ) for a dump pulse of energy E D and area A. The transition dipole moment probability distributions are thus
With two-photon excitation, the excited state distribution function terminates at K = 4. The transition dipole probability distribution in the absence of the dump pulse can then be written as
The fluorescence observables I V (t) and I H (t) (see Fig. 1 ) immediately prior to the application of the dump pulse are given by 
where C is a constant of proportionality. Equations (14) and (15) have simple analytic forms,
Immediately after the application of the dump pulse I V , I H and the fluorescence anisotropy become
Rewriting the transition dipole probability distribution in terms of powers of x, we have
Using this format, Eqs. (18)- (20) become
In the above, A n are standard Gaussian integrals of the form (see the Appendix)
With this approach, the fluorescence depletion parameters are
Similarly the net change in fluorescence anisotropy is
Plots of
and ∆R as a function of S are shown in Fig. 3 . In Fig. 3(a) , F D shows a rapid increase to 91% over the range of S = 0-4. With higher dump energies, there is a significant downturn in the degree of removal of the remaining population whose transition dipole moment orientations are less favourably aligned with the dump pulse polarization. In Fig. 3(b) , the degree of depletion as measured by the vertical and horizontally polarized emission intensities (
The intensity of vertically polarized fluorescence has a larger contribution from molecules whose transition dipole moments have a preferential alignment to the dump polarization as compared to the total fluorescence intensity and as a result shows a greater degree of initial depletion with S. Conversely, for horizontally polarized fluorescence, the dominant contribution to the emission intensity is largely derived from transition dipole moments preferentially aligned in the plane orthogonal to the dump polarization, therefore showing the lowest degree of depletion. exactly 90 • to the dump polarization, approached in the region of S = 100. However, this limit is unphysical as the excited state population is not totally static during the depletion process and a residual population (however small) exhibiting a δ-function angular distribution is never achieved. 
E. STED dynamics with excited state repumping
The representative STED data displayed in Fig. 2 exhibit decreasing degrees of depletion and induced anisotropy change with increasing dump energy. It is notable that [ Fig. 2(c) ] F D reaches an approximate plateau of 93% and [ Fig. 2(f) ] it is not possible to drive the dumped anisotropy below zero (at ∆t = 2 ns R U ≈ 0.5). This indicates that the saturation of these quantities is not purely based on the persistence of a STED resistant population of unfavorably oriented transition dipole moments. The increase in the degree of depletion efficiency with dump pulse width observed in previous STED studies of fluorescent probes 16 is further indication that excited state re-pumping during the application of the dump pulse cannot be ignored in any accurate analysis. A solution of the coupled rate equations is therefore required. 16 In our experiments, the picosecond time scale of STED is significantly shorter than both the molecular reorientation and fluorescence lifetimes of EGFP (as discussed above), and these contributions to the depletion dynamics can be neglected. With the (sole) approximation of a constant dump intensity over a time duration t D , the evolution of the excited N EX (x,t) and upper vibrational N GS (x,t) ground state populations is given by
The initial population distribution in the upper ground state vibrational levels is negligible [N GS (x,0) = 0] and the excited state population evaluated at t = ∆t + t D is given by
The parameter d is
In the limit where t D /t VIB is large, Eq. (32) tends to Eq. (11). The STED observables are thus 
The integrals in Eqs. (34)-(37) were calculated using Mathematica (Wolfram Research), first to generate qualitative fluorescence intensity depletion and fluorescence anisotropy curves and second, with variable input parameters, for quantitative analysis of the experimental data. Figure 4 shows simulations of Eqs. (34) pulse is applied becomes bottlenecked in the upper ground state vibrational levels and the maximum degree of population depletion that is attainable tends to 0.5. This is analogous to the limit observed in the continuous wave optical pumping of a two-level system in the absence of spontaneous emission. 85 The change in fluorescence anisotropy shows a high degree of sensitivity to the degree of excited state re-pumping. When t D /t VIB = 50, the change in fluorescence anisotropy closely follows that observed in the limit of no excited state repumping. As t D /t VIB decreases, the anisotropy no longer rises with increasing S but reaches a plateau and then decreases. When t D /t VIB = 10, the maximum anisotropy change that can be induced is 0.29 (S = 11.62). When t D /t VIB = 1, this reduces to approximately 0.047 (S = 1.68). At lower values of t D /t VIB , this form of the induced anisotropy is retained with a lower peak in ∆R occurring at a lower value of S (t D /t VIB = 0.02, ∆R = 3.29 × 10 2 , and S = 1.14) with ∆R tending toward zero thereafter. With a population bottleneck in the lower level and in the absence of orientational relaxation, re-pumping of the excited state simply replaces the molecular transition dipole moment orientations that are initially removed as the dump pulse is applied.
F. STED sensitivity to hexadecapolar alignment
The form of the STED induced intensity and anisotropy changes also depends on the degrees of quadrupolar and hexadecapolar alignment. Whilst α 20 can be directly determined from the fluorescence anisotropy, we have recently shown that an initial value for α 40 can be predicted based on the structure of the two-photon transition tensor determined by polarized two-photon absorption and fluorescence anisotropy measurements. 25 As discussed above, a direct measurement of α 40 is not possible via spontaneous emission and can only enter into fluorescence observables by a nonlinear interaction such as STED. In order to determine the initial value and evolution of α 40 , we need to ascertain the experimental conditions under which changes in α 40 are most readily detected. To this end, we conducted simulations of the four STED observables for conditions similar to those for EGFP with α 40 D data using the theory developed above should in the first instance provide the most accurate means of determining α 40 . Measurement and analysis of I V (t) and I H (t) are also independent of any experimental g-factor 86, 87 arising from a polarization bias in fluorescence detection or (small) differences in the collection times of the two datasets.
III. METHODS AND ANALYSIS
A. Experimental procedure
The experimental apparatus utilised to measure STED dynamics for EGFP is illustrated in Fig. 6 . The sample, a 40 µM solution of recombinant EGFP in phosphate buffered saline (PBS), was contained in a 45 µl quartz cuvette (Hellma) with three optical windows. Two-photon excited stimulated depletion of EGFP was achieved using a regeneratively amplified Ti:sapphire laser (Coherent Mira 900F, Coherent RegA 9000) and an optical parametric amplifier (OPA, Coherent 9400), respectively. 16 The regenerative amplifier produced 140 fs (FWHM) pulses at 800 nm with around 3.2 µJ energy at a repetition rate of 250 kHz. A small portion of this was used for the two-photon excitation of EGFP (approximately 55 nJ onsample pulse energy) with the remaining output pumping the OPA which produced 200 fs pulses tuneable between 500 and 700 nm with pulse energies in the region of 300 nJ. The OPA output was temporally stretched using either a TeO 2 crystal (Coherent/Gooch & Housego) to 1.43 ± 0.02 ps (FWHM) in STED cross section measurements or via a holographic grating pair (2400 grooves/mm, Optometrics LLC) to around 5 ps in the determination of α 40 . Pulse stretching was necessary to both maximise STED efficiency and minimise dump induced two-photon fluorescence. These considerations, together with the onset of dump-induced single photon excitation of EGFP, limited the usable dump wavelength range to between 561 nm and 626 nm. An increase in the dump pulse width to 5 ps minimised the t D /t VIB dependence of the fluorescence depletion observables making changes to the depletion dynamics brought about by the evolution of α 40 more apparent.
Both pump and dump pulse widths (FWHM) were measured with a PulseCheck autocorrelator (APE). In order to ensure that no white light or blue edge remnants remained in the dump pulses, a long pass glass filter was placed in the dump beam prior to recombination with the pump. The two beams were overlapped using a broadband dichroic beam combiner (CVI Optics), passed through a Glan Taylor linear polarizer and a 2.2 mm aperture, and focussed in to the sample with a 2.5 cm achromatic doublet lens (Melles-Griot). The delay between the two beams was adjustable by means of a computer-controlled variable optical delay line (Time and Precision). The pump and dump pulse energies were controlled by means of neutral density wheels and measured with a power meter (Anritsu). Fluorescence was collected in a 90 • geometry (see Fig. 1 ) with a 6.3 cm lens (Melles-Griot), passed through a rotatable polaroid sheet polarizer (Melles-Griot) and focussed onto the entrance slit of the streak camera (Hamamatsu Streak Scope C4334). Any scattered laser light was blocked using appropriate short-pass filters (Corion) and glass infrared cut-off filters (Schott BG39). Consecutive acquisitions of vertically and horizontally polarized emission (see Fig. 1 ) were obtained and stored on a desktop computer. The dump induced background was subtracted from each signal before construction of the total intensity and anisotropy from the data.
B. STED data analysis
Development of the protocols for analyzing the depletion data for cross section and ground state relaxation measurement and for determining the evolution of α 40 follows the arguments set out in Sec. II C and is further detailed alongside their results in Sec. IV. All approaches involved the modeling of depletion curves using Eqs. (34)- (37), inputting α 20 (∆t) and α 40 (∆t) , which characterise P EX (x,∆t), and t D /t VIB which, in turn, governs G DUMP . In addition, it is necessary to determine the scaling parameter S P which connects the dump pulse energy (E DUMP ) to the saturation parameter S (see Sec IV B). The pre-dump orientational distribution at time ∆t following excitation can be calculated from Eq. (13),
where 0.54 is the measured initial anisotropy in the absence of the dump pulse and 17.3 ns is the corresponding decay time (see Sec. IV A). In the case of F V D measurements where the variation in α 40 (∆t) (across its physically allowable range of values) makes a negligible contribution to the depletion curve, we can safely approximate the un-dumped orientational distribution by
where 0.381 is the predicted value for α 40 (0) based on the two-photon polarization measurements performed previously, 25 and we assume the relationship between τ 40 and τ 20 arising from Eq. (9). In generating model curves to fit to F H D , α 40 (∆t) becomes a fitting parameter in its own right,
Equations (34)- (37) do not have a simple analytical form and require integration over x (cos θ) for each data point and cannot be used with conventional analysis programmes, in which the fitting parameters are automatically adjusted to find the best fit. It was therefore necessary to implement custom-written software for this task. Model saturation curves were generated using Mathematica (Wolfram Research). For any given combination of ∆t, S P , α 40 (∆t) , and t D /t VIB , model data points were calculated for S = E DUMP /S P . Custom written Python scripts performed least-squares fitting of the model curves to the experimental data. S P was fitted in steps of 0.01, t D /t VIB in steps of 0.25, and α 40 (∆t) in steps of 0.05. The best fitting curves were judged as those that minimised the sum of the residuals weighted by the experimental uncertainties on the data points.
IV. RESULTS
A. Fluorescence measurements and homo-FRET
The streak camera measurements performed here required an EGFP concentration of 40 µM to provide sufficient signals, causing homo-FRET to have a noticeable effect on the fluorescence anisotropy decay. As the undumped fluorescence anisotropy is an important input parameter to the analysis of experimental data, its accurate determination is necessary. Fluorescence anisotropy decays within a 4 ns time window were recorded, all well described by single exponential decay dynamics. An average of eight measurements yielded an initial fluorescence anisotropy of 0.54 ± 0.1 and a decay time of 17.3 ± 0.9 ns. Whilst the initial anisotropy is close to that measured for EGFP at low concentrations (0.552), the fluorescence anisotropy decay at 1 µM is slower at 19.5 ± 0.10 ns. Theoretical treatments of time dependent fluorescence depolarization due to resonance energy transfer (homo-FRET) in the presence of molecular rotation have been advanced by a number of groups. 80, 88 For EGFP where the intrinsic rate of rotational depolarization is slow, the fluorescence anisotropy has been successfully modelled by 81
Here C is the concentration (in mM) of EGFP and R 0 is the Förster radius (in nm) for homo-transfer. Simulations of the fluorescence decays and the resulting fluorescence anisotropy decay arising from homo-FRET were undertaken as follows. The intrinsic decay parameters were the average fluorescence lifetime of EGFP of 2.75 ns, 26 an intrinsic correlation time τ 20 of 19.5 ns, R 0 = 4.65 nm, 89 and an initial fluorescence anisotropy of 0.552. I V (t) and I H (t) were simulated independently using MATLAB (The Mathworks), with a peak channel photon count [I V (0) + 2I H (0)] set at 50 000. Poisson noise was added to the two decays separately using the MATLAB poissrnd() function. Intensity and anisotropy decay curves were constructed from I V (t) and I H (t) in the usual way (see Fig. 1 ) and analyzed using a weighted least squares fit (MATLAB) with the following weighting factors: 90 1
100 simulated datasets were generated, and the mean and standard deviation of the fit parameters were recorded. For an EGFP concentration of 40 µM, the simulated anisotropy decay was found to be well described by a single exponential correlation time of 18.91 ± 0.30 ns with R(0) = 0.548 ± 0.001. By contrast, the measured decays, whilst yielding a comparable initial anisotropy (0.54 ± 0.01), had a shorter correlation time of 17.3 ± 0.9 ns. Previous work 81 had suggested that R 0 for EGFP may be significantly higher than 4.65 nm which would indeed result in a further reduction in the anisotropy decay time. To investigate this possibility, we generated a set of simulated anisotropy decays for EGFP at 40 µM with R 0 values from 1 nm to 10 nm. A second order polynomial fit to the data points indicates that the 40 µM correlation time of 17.3 ± 0.9 ns corresponds to R 0 = 7 ± 1 nm, comparable with the value of 7.3 ± 0.1 nm reported from concentration dependent frequency domain fluorescence anisotropy measurements. 81 Homo-FRET is thus an active depolarization mechanism for the quadrupolar transition dipole moment alignment and, in addition to molecular rotation, can also be expected to influence the relaxation of the hexadecapolar alignment prepared by two-photon excitation.
B. STED cross section and ground state relaxation measurements
Maximum time-resolution (15 ps) was achieved by using a 2 ns time measurement window. The pump-dump delay was set to 373 ps for all experiments. The dump wavelength was varied between 561 and 626 nm, 561 nm being the threshold wavelength below which the degree of dump-induced fluorescence from the unexcited EGFP population (approximately 99.7% of the total number of EGFP molecules in the excitation-detection volume) precluded accurate measurements. For each dump wavelength, the pulse energy was varied from approximately 0.5 nJ to 50 nJ. F V D values at each dump energy were determined by the calculation of the fractional loss of V-polarized fluorescence intensity after application of the dump pulse relative to an experiment in which no dump was applied. The intensity values just after the dump pulse were calculated by taking an average over 50 channels (0.208 ns) following completion of the dump (defined as the first channel to show an upward fluctuation in intensity or anisotropy following the rapid loss). Given the long rotational diffusion time of EGFP (17.3 ns), this did not result in a significant error in the anisotropy change. 570 nm. Taking an estimate for t D /t VIB = 7, a model depletion curve was generated for F V D using Eq. (28), inputting values of the un-dumped anisotropy calculated from the measured decay data [R(0) and τ 20 ], α 40 (0) = 0.381 from our companion paper 25 and a depolarization time of 0.3τ 20 [Eq. (7)]. This is overlaid with the experimental data [dashed line in Fig. 7(a) ], in which S is equivalent to E D (in nJ). A series of these (otherwise identical) F V D plots were generated, in which S P was varied until a best fit to the experimental data was achieved.
In Fig. 7(a) , this plot is denoted by an asterisk and corresponds to S P = 1.37. The STED cross section is then calculated from
Values for the cross sectional area A at each dump wavelength were calculated assuming Gaussian focusing of the dump beam 91
where D is the input spot size (2.2 mm) and f is the focal length (25 mm), giving values for A varying between 5.2 × 10 7 cm 2 and 6.4 × 10 7 cm 2 . A plot of the variation in σ STED with dump wavelength is shown in Fig. 7(b) . Analysis of the full range of the experimental data is obtained by Fig. 7(c) ], from which t VIB can be determined (see Table I ).
C. Hexadecapolar alignment dynamics
As can be seen from the model plots in Figs. 4 Figure 8 shows representative data and analysis for a pump-dump delay of 1.35 ns, yielding a value for α 40 of 0.23 ± 0.06. A plot of the variation of α 40 with ∆t is shown in Fig. 9 . The data can be fitted by an exponential decay corresponding to an initial (pre-dump) value of 0.354 ± 0.012 and a decay time of 3.39 ± 0.36 ns (R 2 = 0.91).
V. DISCUSSION
At all dump wavelengths, the degree of (saturated) depletion in the polarized intensity and total fluorescence was high, varying from close to 100% at 561 nm to 90% at 626 nm. We have previously observed that the fluorescence decay dynamics of recombinant EGFP are well described by a bi-exponential decay, 25, 26 corresponding to two distinct and approximately equally weighted excited state populations. In recent work, one of these was found to be wholly inactive in FRET to mCherry arising from the homodimerisation of PDK1. 26 As the emission from mCherry is also bi-exponential, four FRET pathways should have been active. However, only one (to the minority mCherry decay component) was observed. Two potential mechanisms for this restriction were proposed, the first based on local transition dipole moment orientations with one population FRET inactive due to a low κ 2 factor 92 and the second arising from a disparity in emission transition dipole moment strengths. The latter mechanism, if present, would reduce the degree of depletion attainable which is clearly not the case. This mechanism can therefore be discounted. This conclusion is born out by recent work investigating FRET to mCherry, in which EGFP was replaced by Oregon Green, a more mobile and homogeneous (single lifetime) donor but with similar spectral properties to EGFP. No restrictions were observed, indicating that the increase in the local orientational freedom of the donor gave rise to unrestricted FRET. 32 The STED cross section values obtained range from 4.59 × 10 17 cm 2 (626 nm) to 2.35 × 10 16 cm 2 (561 nm). The wavelength dependence of σ STED follows the rise in the spontaneous emission spectrum with decreasing wavelength [dashed line in Fig. 7(b) ]. The values obtained are comparable in magnitude to previous measurements on EGFP (520-570 nm). 93 From Table I , it can be seen that the ground state relaxation time remains approximately constant across the spectrum with a weighted mean of 196 ± 34 fs. As the dump wavelength decreases, the vibrational states accessed by stimulated emission will be energetically closer to the thermal equilibrium distribution, and thus τ VIB (the inverse of the relaxation rate) would be expected to increase. This was not observed, indicating that stimulated emission is highly efficient across this part of the spectrum. The H-bonding network surrounding the EGFP chromophore 94, 95 (which restricts conformational flexibility) may act to assist ground-state relaxation through the provision of a high density of states for intra-molecular vibrational coupling. 96, 97 STED in EGFP is highly efficient and, in spite of a rapidly relaxing excited state ( τ = 2.75 ns), the sub-picosecond ground state vibrational relaxation provides the basis for an efficient 4-level laser which has been demonstrated in solution, crystals, and live cells. [98] [99] [100] The hexadecapolar alignment measurements yielded values for α 40 for pump probe delay times spanning 200 ps to 3 ns, as displayed in Fig. 9 . The measurement of STED observables at pump-dump delays closer to ∆t = 0 was precluded by the need to determine an accurate value for the pre-dump intensity so that the degree of depletion could be determined with a minimal degree of uncertainty. If the hexadecapolar alignment dynamics in EGFP are well described by a single exponential decay, then extrapolation to ∆t = 0 yields a value for the initial hexadecapolar alignment of 0.354 ± 0.012 [see Fig. 9(a) ], larger than the value of 0.3235 calculated for a transition dipole moment angle of 0 • but closer to that of 0.381 calculated for a transition dipole moment angle of 5.5 • . 25 Like the quadrupolar alignment dynamics (directly measured by the fluorescence anisotropy), the hexadecapolar transition dipole alignment will be altered by homo-FRET as well as rotational diffusion. The decay of α 40 in the case of pure rotational diffusion (given a rotational diffusion time of 19.5 ns) from Eq. (9) should be characterised by an exponential lifetime of 5.85 ns. If we were to assume that this relationship holds in the presence of homo-FRET, the hexadecapolar alignment should be characterised by an exponential lifetime of 5.19 ns (τ 20 = 17.3 ns). These two decays are plotted in Fig. 9(c) , and it is clear that the hexadecapolar relaxation dynamics are considerably faster. The form of hexadecapolar dipole relaxation in the presence of homo-FRET has yet to be derived theoretically. With the assumption that, as in Eq. (41), the overall correlation function can be described by the product of the correlation function for rotational diffusion together with that for energy migration, 81 the hexadecapolar dipole alignment dynamics would take the form in previous work 81 for fluorescence depolarization is a necessary consequence arising from the need to account for the increased degree of homo-FRET depolarization in α 40 (∆t) , as is evident from Fig. 9(b) . Setting α 40 (0) at 0.381 as we previously predicted for an emission dipole moment direction of 5.5 • relative to the transition tensor axis 25 yields a similar value for R 0 (K = 4) of 15.0 ± 0.5 nm. These results, together with an alternative approach to the determination in the uncertainties in the α 40 (∆t) measurements, are summarised in Table II .
VI. CONCLUSIONS
We have shown that STED is able to equally depopulate the sub-populations that make up the fluorescence emission in EGFP, further reinforcing the conclusions of recent work 32 which indicated that restrictions in fluorescent protein FRET arise from local orientational constraints rather than a difference in intrinsic transition dipole moment strengths. STED in EGFP was found to be efficient, aided by a short lifetime (approximately 194 fs) for the ground state vibrational levels which minimises the degree of excited state re-pumping as the dump pulse energy is increased.
Theoretical modelling has shown the importance of performing polarization-resolved STED measurements in extracting meaningful data, exemplified by the relative sensitivities of F V D and F H D to changes in the hexadecapolar alignment created by two-photon absorption. The hexadecapolar alignment yields important information, first in terms of determining the structure of the two-photon transition tensor in EGFP and the direction of the emission transition dipole moment in the molecular frame. The initial value of α 40 corresponds to that predicted by linear and circularly polarized two-photon fluorescence measurements for a planar transition and neardiagonal tensor with an emission transition dipole moment orientation of 5.5 • to the principal axis. 25 The hexadecapolar transition dipole alignment dynamics reported are, to the best of our knowledge, the first measurement of higher order (rank K > 2) dipole moment correlations in resonance energy transfer. The increased sensitivity of the hexadecapolar alignment to depolarization over that reported by the fluorescence anisotropy is marked. Our results point to the perhaps not unexpected departure from the small step rotational diffusion relationship that exists between K = 2 and K = 4 dipole relaxation. Modeling the composite fluorescence anisotropy as the product of two independent correlation functions [Eq. (41)] was justified based on the slow (19.5 ns) rotational correlation time of EGFP. 81 For K = 4 rotational diffusion in EGFP, this time is considerably shorter (5.85 ns) and it may be that this approximation no longer holds. As far as we are aware, the form of the K = 4 homo-FRET decay has yet to be investigated. We hope that this work will provide an impetus for such studies. We anticipate that the ability to probe higher order dipole alignment transfer in hetero-FRET would also provide a useful adjunct to current time-resolved polarization techniques 26, 32 yielding additional information and providing a clearer insight into molecular orientation, interactions, and resonance energy transfer.
